The structures and the relative stabilities of the directly-linked fullerene dimer C120 and of oxygen-bridged dimers of C120O and C120O2 are systematically investigated via density-functionaltheory calculations. The structures of each dimer are identified as C120(D 2h ), C120O(C2v), and C120O2(C2v(I)) by comparing the total energies of geometric isomers. From dissociation-energybarrier calculations, bridged dimers are more stable than directly-linked dimers. We find that the C120 and the C120O dimers will dissociate into two fullerene units while the C120O2 dimer remains at a certain energy range between 1.68 eV and 3.37 eV. Our theoretical results agree with the experimental data [J. Phys. Chem. B 110, 16979 (2006)].
I. INTRODUCTION
Since the discovery of the highly symmetric and unique structure of C 60 [1] , fullerene and its derivatives have been intensively investigated due to their scientific attraction and potential applications [2] . The significant modulation of the electronic and the magnetic properties of fullerenes by functionalization or incorporation opens the possibility of potential applications to molecular sensors [3] and to nano-scale vehicles of qubits for quantum information processing [4] . Among the derivatives of fullerenes, fullerene dimers have been synthesized using the high-speed vibration milling technique [5, 6] , and their chemical properties have been analyzed using various measurement methods [6] [7] [8] [9] . The thermal stability of fullerene dimers is also a key issue [8, 9] , because the heat treatment to insert them into nanotubes is an inevitable process for device applications [10] . Several theoretical findings on the structures and the energetics of dimers have been reported at various levels of calculations from molecular mechanics to quantum chemistry [11] [12] [13] [14] [15] . However, theoretical studies on the thermal stability and dissociation of dimers are surprisingly rare [14, 15] and are in demand.
In this research, we investigated the structures and the * E-mail: seungmi.lee@kriss.re.kr; Fax: +82-42-868-5032 stabilities of C 120 , C 120 O, and C 120 O 2 fullerene dimers by using density-functional theory calculations. Geometrical isomers were considered and the stable geometry of each case was identified from a comparison of total energies. The relative stabilities are discussed from the standpoint of the dissociation energy barriers of the C 120 , C 120 O, and C 120 O 2 fullerene dimers. We found that the oxygen-bridged dimers were more stable than the directly-linked dimers, so that a C 120 dimer would be easily dissociated into two C 60 fullerenes at relatively low temperatures while C 120 O and C 120 O 2 dimer structures would be maintained under relatively high temperatures. A comparison of our theoretical results with experimental reports [8, 9] will be discussed.
II. COMPUTATIONAL METHOD
We performed quantum-mechanical calculations within the density functional theory (DFT) framework by using the generalized gradient approximation (GGA) as implemented in the DMOL3 code [16] . The Becke-Lee-Yang-Parr (BLYP) exchange-correlation functional was used [17, 18] . All electron Kohn-Sham wave functions were expanded in a local atomic orbital basis set with each basis function defined numerically on an atom-centered spherical mesh with a cutoff of 4.4 A. A double numeric polarized basis set (DND) was used for all elements. The DND basis set corresponds to a double-zeta quality basis set with a d-type polarization function added to all atoms except hydrogen. Geometries were optimized until the maximum force on each atom was less than 0.03 eV/Å, the maximum displacement was less than 0.005Å, and the total energy change was less than 3 × 10 −4 eV.
III. RESULTS AND DISCUSSION
The truncated icosahedral structure of C 60 consists of 12 pentagons separated by 20 hexagons, obeying the isolated pentagon rule (IPR). The IPR is based on the finding that the conjugated pentagon rings are not stable due to the high strain and the high chemical reactivity of the fused pentagon rings [19] . Although all atoms are in equivalent positions due to the high point group symmetry (I h , symmetry order = 120) of C 60 , there are two kinds of bonds, one between the hexagon-hexagon rings (h-h bond) and the other between the pentagon-hexagon rings (p-h bond) [20] . The p-h and the h-h bond lengths are calculated as 1.46Å and 1.41Å, respectively. Therefore, C 120 dimers can be formed by using two h-h/h-h bonds, h-h/p-h bonds, or p-h/p-h bonds between two C 60 units. The four kinds of C 120 isomers with different symmetries are depicted in Fig. 1(a) .
The most stable isomer is determined as C 120 (D 2h ), which has two h-h/h-h bonds between two C 60 molecules, as shown in the first column in Fig. 1(a) . This Table 1 . Relative energies of isomeric fullerene dimers of C120, C120O, and C120O2. Values from tight-binding calculations [12] and from restricted open-shell Hatree-Fock calculations with STO-3G basis sets [13] are listed together in the last two columns for comparison.
Dimer Symmetry δE(eV) δE(eV) [12] δE(eV) [ structure is consistent with the experimental X-ray crystallographic determination [5] . The bridging bond length is calculated as 1.61Å, which is close to the experimental value of 1.58Å [5] . As the bond character changes to p-h/p-h bonds, the relative total energy is increased by 1.56 eV (C 120 (C 2v )) or 1.55 eV (C 120 (C 2h )). The C 120 (C s ) with h-h/p-h bonds is found to have 0.79 eV higher energy than C 120 (D 2h ). From the above calculations, the energy loss is about 0.8 eV per p-h bond, thus, the stable dimer should have h-h bonds, rather than p-h bonds, for the link between two C 60 units. The relative total energies, compared to the literature [12, 13] , are listed in Table 1 . Consistently enough, all three different levels of calculations pointed to the C 120 (D 2h ) structure as the most stable geometry, and the relative stabilities of the four isomers are the same. Experimentally, the oxygen-bridged fullerene dimers have been synthesized by using the ball-milling process [9] or by heating of a solid mixture of C 60 O [14] with respective isolation by using the liquid crystallography method [9, 14] . The oxygen-bridged C 120 O dimer has four geometric isomers, as shown in Fig. 1(b) . The most stable isomer has been found to have C 2v symmetry (C 120 O(C 2v )) which has two C 60 units bound by one h-h bond and two C-O bonds with one bridging oxygen atom. The bridging bond lengths are calculated as 1.46 A for the C-O bond and 1.63Å for the C-C bond. Comparing the total energies, similarly to the case of C 120 , one can find an energy loss of about 0.6 eV/p-h bond ref-
erenced to the h-h bond: 1.19 eV (C 120 O(C s ), p-h/p-h bonds), 1.41 eV (C 120 O(C 2 ), p-h/p-h bonds), and 0.58 eV (C 120 O(C 1 ), h-h/p-h bonds).
The C 120 O 2 dimer has ten different geometric isomers, as shown in Fig. 1(c) . From our DFT calculations, C 120 O 2 with C 2v symmetry (C 120 O 2 (C 2v (I)) is found to be the most stable, which has different types of bridging bonds with h-h/h-h bonds for C-O bonds, and h-h/h-p bonds for C-C bonds, as shown in Fig. 1(c) . As expected from the previous dimer cases, this isomer is the 'best' match to have as many h-h/h-h bonds as possible (four) and the minimum number of p-h/h-h bonds (two) among the ten isomers. Since C 120 O 2 has six neighboring bridging bonds, the inclusion of p-h/h-h bonds is unavoidable. The relative total energies of all isomers are listed in Table 1 . From the large energy difference among isomers, we can expect that only one type of isomer each would be synthesized and observed experimentally for C 120 , C 120 O, and C 120 O 2 . Indeed, only a single kind of isomer has been reported experimentally based on absorption spectroscopy measurements [14] , supporting our theoretical findings. Therefore, we used the most stable isomers of C 120 (D 2h ), C 120 O(C 2v ), and C 120 O 2 (C 2v (I)) for further investigations.
The relative stability of dimers can be roughly predicted from their bridging-bond strengths. By comparing the total energies for linked and broken bridging bonds, we calculated the bridging bond strengths as 1.14 eV/C-C bond for the C 120 dimer, 3.34 eV/C-O bond for the C 120 O dimer, and 3.46 eV/C-O bond for the C 120 O 2 dimer. From the calculated bond strengths, the oxygenbridged dimers were found to be more stable than the directly-bonded dimer C 120 .
Calculations for the dissociation barriers of the dimers were performed in order to predict precisely the stabilities of the dimers. We define a reasonable reactant and product with optimization and then find a transition state during the reaction by using synchronous transit methods. From each given reactant-product reaction, the synchronous transit method firstly performs a single interpolation to the maximum energy and then refines the transition state to a high degree by using constrained minimization with a conjugate gradient method.
The reaction barrier of C 120 dissociation (C 120 → C 60 + C 60 ) calculated by pulling one C 60 apart is 1.41 eV, as shown in Fig. 2(a) . The shortest distance between two C 60 molecules is 2.17Å at the transition state, and the geometry is depicted in the red box in Fig. 2(a) . A higher barrier energy of 1.49 eV is obtained by tilting one C 60 from C 120 . In the same manner, the dissociation barrier of C 120 O (C 120 O → C 60 O + C 60 ) is found to be 1.68 eV when the distance between C 60 units is 3.27Å and the bridging oxygen atom is 1.38Å and 2.27Å from each C 60 , as depicted in Fig. 2(b) .
Two reaction pathways were investigated for C 120 O 2 dissociation: I) C 120 O 2 → C 60 O + C 60 O, and II) C 120 O 2 → C 60 O 2 + C 60 . The former, i.e., pathway I, is found to have a 3.37 eV dissociation energy barrier, and the distance between C 60 O molecules is 2.85Å while the distances between the bridging oxygen and C 60 O molecules are 2.24Å and the C-O bond length of the C 60 O molecule is 1.44Å at its transition state, as shown in Fig. 2(c) . Pathway II (C 120 O 2 → C 60 O 2 + C 60 ) has a higher energy barrier of 3.73 eV, and the distances are 2.60Å between C 60 O 2 and C 60 , 2.86Å between the oxygen atom and C 60 , and 1.40Å between the oxygen atom and C 60 O 2 (cf. Fig. 2(d) ). Therefore, from the calculated energy barriers, C 120 O 2 dimer is found to be the most stable among the three kinds of dimers, C 120 , C 120 O, and C 120 O 2 . This is consistent with the experimental observations [9] . It is worth noting that the dissociation energy barrier is correlated with the number of bridging bonds between unit fullerenes of the dimer: The energy barrier of C 120 O 2 , which has two C-C and four C-O bridging bonds, is roughly twice that of C 120 O, which has one C-C and two C-O bridging bonds.
There are two previous reported calculatios on dimer dissociation barriers: 2.4 eV for C 120 dissociation by using DFT-LDA calculations [15] , and 2.32 eV for C 120 O and 4.51 eV for C 120 O 2 dissociation by using an empirical method [14] . Because our DFT-GGA calculations are more sophisticated and higher-level calculations than the empirical method and because the DFT-LDA is known to overestimate the energy barrier of a reaction process, we believe our values to be more accurate. However, the tendency of a higher barrier for C 120 O 2 than for C 120 O from an empirical method, as summarized in Table 2 , is worth noting. The dimer recombination process has also been investigated by using DFT calculations. The reverse processes of pathway I (i.e., C 60 O + C 60 O → C 120 O 2 ) and pathway II (i.e., C 60 O 2 + C 60 → C 120 O 2 ) are found to have energy barriers of 2.15 eV and 2.71 eV, respectively. Both are lower than the dissociation energy of 3.37 eV. From our calculations, one can expect the following processes in a certain temperature range: C 120 O 2 dimers are kept and the C 120 O dimers dissociate into C 60 O and C 60 molecules. Then, C 60 O molecules recombine and form C 120 O 2 dimers, increasing the portion of C 120 O 2 dimers as a consequence. From our calculation, the energy range is expected to be between 1.68 eV and 3.37 eV, which corresponds to the 298 ∼ 1226
• C obtained by using the Redhead equation, assuming first-order kinetics [21] .
Literature on experimental thermal decomposition of dimers report that C 120 begins to decompose even at temperatures lower than 150
• C and is fully decomposed into C 60 units at temperatures below 350
• C [9] . In the same report, C 120 O is found to be actually equivalent to C 120 O 2 dimers at temperatures under 300 ∼ 350
• C, and the C 120 O 2 dimer is known to be thermally stable at temperatures upto 350
• C [9] . The relative stability is in good agreement with our calculational findings that the directly-linked dimer C 120 is easily dissociated compared to oxygen-bridged dimers and that the C 120 O 2 dimer, in contrast to the C 120 O dimer, is hardly dissociable. Our theoretical calculations and their experimental report [9] also agree in that the C 120 O dimer tends to dissociate and to recombine, resulting in a C 120 O 2 dimer in a certain energy range.
IV. CONCLUSIONS
In summary, we systematically investigated the structures and the stabilities of C 120 , C 120 O, and C 120 O 2 fullerene dimers by using DFT calculations to consider geometric isomers. The most stable geometry of each isomer was identified, and the dissociation barriers of the dimers were calculated using a transition search routine. The reaction barriers of the dimers were calculated as follows: i) C 120 dissociation at 1.41 eV (C 120 → C 60 + C 60 ), ii) C 120 O dissociation with a barrier of 1.68 eV (C 120 O → C 60 O + C 60 ), iii) C 120 O 2 dissociation with barriers of 3.37 eV (C 120 O 2 → C 60 O + C 60 O) and of 3.73 eV (C 120 O 2 → C 60 O 2 + C 60 ), and iv) C 120 O 2 formation with a barrier of 2.15 eV (C 60 O + C 60 O → C 120 O 2 ). Therefore, at a certain energy range between 1.68 eV and 3.37 eV, i.e., 298 ∼ 1226
• C temperature range, C 120 and C 120 O dimers dissociate and recombine into C 120 O 2 dimers while C 120 O 2 dimers remain stable. Our theoretical findings are in good agreement with a previous experimental report [9] .
